Recent experiments with superconducting Josephson-junction circuits [1, 2] demonstrated quantum coherent oscillations with a long decay time and a quality factor up to ~10 4 . These experiments, on one hand, probe coherent properties of Josephson qubits (quantum bits) and demonstrate their potential for applications in quantum computing and quantum communication. On the other hand, they may be viewed as a probe of the noise mechanisms in the devices studied.
Recent experiments with superconducting Josephson-junction circuits [1, 2] demonstrated quantum coherent oscillations with a long decay time and a quality factor up to ~10 4 . These experiments, on one hand, probe coherent properties of Josephson qubits (quantum bits) and demonstrate their potential for applications in quantum computing and quantum communication. On the other hand, they may be viewed as a probe of the noise mechanisms in the devices studied.
For the description of the dynamics of a two-level system (qubit, spin) subject to weak short-correlated noise, one may use the Bloch equation, known from NMR studies, which describes exponential relaxation of the longitudinal spin component and dephasing of the precessing transverse spin component (here and below, we use the spin-1/2 language to discuss the dynamics). This description is valid as long as the correlation time of the noise is short compared to the typical dissipative times T 1 , T 2 . However, in Josephsonjunction qubits, the low-frequency noise is strong. These low-frequency fluctuations are correlated over distant times, and special treatment of their influence on a qubit is needed. They could lead to complicated decay laws [3] [4] [5] [6] . In [7] , the influence of low-frequency fluctuations nonlinearly coupled to a qubit was analyzed; this analysis is relevant for operation at the socalled optimal operation points [1] . Here, we extend this analysis to account for the effect of transverse fluctuations also present at optimal points. While our discussion applies to an arbitrary dissipative two-level system, for illustration we consider the Josephson charge qubit, similar to that studied in the experiment [1] . We begin by discussing this system and the relevant noise sources, and then proceed to the analysis of dephasing in general and at optimal points. ¶ This article was submitted by the authors in English. 
At low enough temperatures, single-electron tunneling is suppressed and only even-parity states are involved. Here, we consider low-capacitance junctions with high charging energy E C ӷ . Then, the number n of Cooper pairs on the island (relative to a neutral state) is a good quantum number; at certain values of the bias V g ≈ V deg = (2 n + 1) e / C , two lowest charge states n and n + 1 are neardegenerate, and even a weak E J mixes them strongly. At low temperatures and operation frequencies, higher We analyze the dissipative dynamics of a two-level quantum system subject to low-frequency, e.g., 1/ f noise, motivated by recent experiments with superconducting quantum circuits. We show that the effect of transverse linear coupling of the system to low-frequency noise is equivalent to that of quadratic longitudinal coupling. We further find the decay law of quantum coherent oscillations under the influence of both low-and high-frequency fluctuations, in particular, for the case of comparable rates of relaxation and pure dephasing. charge states do not play a role. The Hamiltonian reduces to a two-state model,
in the basis
). The Hamiltonian (1) can be controlled via the gate voltage V g and the applied flux Φ x ; this allows one to manipulate the qubit's state and perform quantum logic operations. To read out the final quantum state, one has to couple the qubit to a quantum detector, e.g., a single-electron transistor [8] .
Quantum bits are inevitably coupled to fluctuations in the environment (bath). This destroys the coherence of the qubits' dynamics. To slow down the dephasing, the coupling should be made as weak as possible. In solid-state systems, decoherence is potentially strong due to numerous microscopic modes. In Josephson qubits, the noise is dominated by material-dependent sources, such as background-charge fluctuations or variations of magnetic fields and critical currents, with power spectrum peaked at low frequencies, often 1/ f . A further relevant contribution is the electromagnetic noise of the control circuit, typically ohmic at low frequencies. The 1/ f noise appears difficult to suppress and, since the dephasing is dominated by low-frequency noise, it is particularly destructive. On the other hand, Vion et al . [1] showed that the effect of this noise can be substantially reduced by tuning the linear longitudinal qubit-noise coupling to zero (in a modified design; they also suppressed the coupling to the quantum detector to minimize its effect on the qubit before the readout). This increased the coherence time by twothree orders of magnitude compared to earlier experiments.
Of special interest is the analysis of the slow dephasing at such an optimal point. On one hand, comparison of theory and experiment may verify our understanding of the physics of the device studied as a dissipative twolevel system. Further, from the analysis of the dephasing time scale and the decay law, one may extract additional information about the statistical properties of the noise. On the other hand, understanding of the dissipative processes should allow their further suppression in future qubit designs.
Part of the noise (including the background-charge fluctuations) can be thought of as fluctuations of the gate voltage, and another part, as fluctuations of the control flux Φ x . It is convenient to discuss the effect of, e.g., the voltage noise V g = + Y ( t ) in the qubit's eigenbasis: (2) where the level splitting ∆ E = ( E ch ( ) 2 + ) 1/2 and the angle between the static and fluctuating "magnetic"
fields is given by tanη = E J /E ch ( ). We expanded the variation of E ch in Y to the linear order. Consider first the effect of weak short-correlated noise (with correlation time shorter than the dissipative times; this includes the finite-temperature ohmic noise). In this case, one can use the lowest-order perturbation theory and finds that the spin dynamics is described by the Bloch equations, known from NMR. The interlevel transitions are induced by the transverse fluctuations ∝sinη and give the relaxation time 1/T 1 = ζ 2 sin 2 ηS Y (ω = ∆E)/2; the dephasing time is 1/T 2 = 1/2T 1 + 1/ , where the pure dephasing is induced by the longitudinal noise ∝cosη and gives 1/ = ζ 2 cos 2 ηS Y (ω = 0)/2 (here, the noise power S Y (t) = (1/2)〈[Y(t), Y(0)] + 〉; we set ប = 1). The effect of the magnetic-flux noise can be analyzed similarly. For Josephson qubits, these expressions give good estimates for the measured relaxation times but do not suffice to describe the dephasing. Indeed, the expression for cannot be used for strong longitudinal low-frequency, e.g., 1/f noise; still, it indicates that dephasing is strong. In early experiments [4, 9] , dephasing times in the range of fractions to a few nanoseconds were achieved. Tuning to an optimal point extended the coherence time to ~1 µs [1].
Dephasing at an optimal point. We illustrate our discussion of decoherence at an optimal point by considering a qubit deep in the charge limit, although in the device of [1] E C and E J were comparable (in which case two lowest eigenstates, which form the qubit, are no longer charge states). Using two control parameters V g and Φ x , one can tune the longitudinal linear couplings to the charge and flux noise to zero. For instance, for the system (2), tuning the gate voltage to the degeneracy point E ch ( ) = 0 yields cosη = 0. Further, tuning Φ x to the point of maximal E J (Φ x ) also suppresses the linear coupling to the flux fluctuations Φ x = + X(t). Thus, at this optimal point, the Hamiltonian reads: (3) where we left only the leading fluctuating terms.
The quadratic longitudinal low-frequency noise λX 2 may result in an unusual dephasing law (with a power law crossing over to exponential decay) due to strong higher-order contributions [7] . Here, we discuss the effect of the transverse noise ζY . It can lead to relaxation processes and contribute to pure dephasing in higher orders. Thus, in the analysis of dephasing, one needs to account for both λX 2 and ζY terms.
The effect of the low-frequency (ω Ӷ ∆E) transverse noise can be treated in the adiabatic approximation: we
